The end product, dihydroquinone, leaves the quinone ways for proton transfer from the exterior to the catalytic binding site and is replaced by a neutral quinone from site consist of ionizable amino acid side chains and the free quinone pool in the cytoplasmic membrane. bound water molecules. Site-directed mutagenesis
The proton transfers coupled to the electron transfer combined with high-resolution structure determinations steps (Equations 1 and 2) in the RC from Rb. sphaeroides of several of these proteins have helped to identify speand other purple bacteria have been extensively investicific amino acid residues that are important for proton gated using both optical kinetics (reviewed in Okamura transfer, thereby allowing proton pathways to be deline- The molecular details of the proton transfer pathways the first proton up to Asp-L213 where it branches off to proceed to Glu-L212, which donates the second proton were deduced from X-ray crystal structures. Figure 2 ). The two conformations form different reaction centers showed that the proton uptake rate increased at least four orders of magnitude above that interactions with nearby residues. In one conformation (cyan in Figure 2 Dark-Adapted State The goal of this study was to determine the nature of The DN(L213)/RC(M233) has been crystallized in two the structural changes induced by the revertant mutacrystal forms, P3 1 21 (trigonal) and P4 3 2 1 2 (tetragonal), tions and to understand how these changes lead to a and the dark-adapted structures were refined to 1.80 restoration of fast proton transfer. To achieve this goal, and 2.40 Å , respectively (see Table 1 
Glu-H122 and Glu-M236 also shift by 4-6 Å , with Glu-
Changes that Propagate Toward L213. The large structural changes that propagate to the region near the M236 moving closer to and Glu-H122 moving further from Arg-H177. The movement of Arg-H177 breaks its parental mutation at L213 and the Q B catalytic site occur at Glu-H173 and Thr-L226. In this revertant, Glu-H173 salt bridge with Glu-H173 by increasing the distance from the N atoms of the granidinium group of Arg-H177 can be modeled in a single conformation at a position between the two alternate conformations in the DN(L213) to the oxygen atoms of the carboxyl group of Glu-H173 to 10 Å . mutant (Figure 4 ). In addition, Thr-L226 rotates ‫021ف‬Њ around the CA-CB bond, with the hydroxyl group now Other basic and acidic residues nearby, e.g., Arg-H117, Lys-H130, Glu-H230 and Glu-M232, also respond pointing away from Glu-H173, breaking its hydrogen bond with Glu-H173. to the loss of the electrostatic interaction with Arg at M233 (data not shown), although their side chain disThe movements of Glu-H173 and Thr-L226 create a cavity in the pocket surrounded by Asn-M44, Asn-L213, placements are relatively small (0.5-0.8 Å ). In addition, there are some small rearrangements of noncharged Glu-L212, Thr-L226, and Glu-H173. Within this cavity there are well-defined electron densities corresponding groups, e.g., Met-H175 rotates around the CG-SD bond by ‫021ف‬Њ.
to two water molecules, W155 and W193 (Figure 4) . that account for their similarly restored activities. start with a discussion of the single DN(L213) mutation in which proton transfer is inhibited. The structure along and H177 has been disrupted as well as the hydrogen bond with Thr-L226 (Figure 3 and 4) . These changes the proton transfer pathway is essentially the same as in the native RC. Thus, the inhibition is not due to structural enlarge the cavity surrounding Glu-H173, in which two water molecules are resolved in the higher resolution changes but is a direct consequence of the lack of proton donating ability of the Asn as had previously been DN ( (Table 2) , creating an H-bonded proton path. Another requirement is that Glu-H173 be connected which is, within a factor of two, the same as in the native RC (Paddock et al., 1999) . The binding curve indicates to the surface region near His-H126 and His-H128. In analogy to the native RC, this connection is provided that the inhibition is due to binding of a single Cd 2ϩ ion, as found for the native RC. The pH dependence of the by Asp-L210 and/or Asp-M17 and several water molecules as shown in Figure 6 . It should be noted that a binding affinity is consistent with an interaction between Cd 2ϩ and His. We, therefore, conclude that the proton second possible route involving a more contiguous water chain composed of seven water molecules is possientry point is the same in the revertant RCs as in the native, i.e., near His-H126 and His-H128 (Axelrod et al., ble (data not shown). The structural changes near Glu-H173 are common to 2000). This conclusion is also consistent with the fact that the structure of the side chains (His-H126, Hisboth revertant RCs, in contrast to the structural changes induced at the revertant sites which are different. Note H128, and Asp-H124) to which Cd 2ϩ binds is unaffected in the revertant RCs.
that although neither revertant mutation directly results in the incorporation of a carboxylic acid, the altered pathways involve a carboxylic acid (Glu-H173) that funcFunctional Consequences of the Structural Changes: Potential Proton Transfer Pathways tionally serves as a substitute for the missing Asp at L213. The main motivation to determine the structure of the mutant RCs was to provide the molecular basis for unIn the above discussion, we showed the important 
